The objective was to assess CSF dynamics of different shunt constructions in patients with adult hydrocephalus syndrome and correlate these findings to clinical outcome, neuroradiology, and the specifications of the shunts provided by the manufacturer. Thirty four patients with idiopathic adult hydrocephalus (normal pressure hydrocephalus) syndrome were included in a prospective, consecutive case series. A differential pressure valve (Cordis Hakim standard system) was used in 28 patients and a variable resistance valve (Cordis Orbis-Sigma) in six.
Patients with the idiopathic adult hydrocephalus syndrome (IAHS)1 2 are provided with a shunt device to restore normal CSF dynamics and achieve a substantial functional improvement. Shunt failure, however, due to improper placement, infection, obstruction, breakage, disconnection, or migration of the shunt is of major concern.3 The long term characteristics of the shunt may change." Shunt resistance and the corresponding CSF flow may vary according to the length and the diameter of the proximal and distal catheters. 4 Posture related changes may give a negative intracranial pressure due to a gravity induced flow (siphon effect) with secondary overdrainage,7-'0 hygroma, or subdural haematoma.
The standard of CSF shunts may be defined in terms of opening and closing pressure, antireflux properties, leakage, pressure and flow characteristics, mechanical durability, and siphoning effect." 12 These variables are determined in bench tests by the manufacturer before the operation but many valves have been found not to respond according to their specifications. F6 Shunt function cannot be assessed in patients with IAHS by clinical examination or by pumping the valve." There is no criterion standard for in vivo measurements of shunt function. Computed tomography, MRI,'1-6 doppler ultrasonography,17 radionuclide studies, '8-20 and thermography have been used to measure shunt flow in vivo. These methods do not take into consideration the importance of pressure and flow characteristics of the shunt and the CSF system. With a CSF infusion technique, it is possible to assess whether CSF dynamics have been normalised postoperatively together with the properties of the shunt system, including the degree of gravity induced CSF flow.
We prospectively investigated 34 patients with IAHS given ventriculoperitoneal shunts. Dynamics of CSF were evaluated preoperatively and three months after the operation and compared with shunt characteristics provided by the manufacturer, clinical response, pressure v flow curves, changes in CSF pressure, and gravity induced flow.
Materials and methods

PATIENTS
The study population consisted of 34 patients (25 men and nine women (mean age (SD) 71-7 (5 1) years)) with IAHS. from a continuously weighed bottle. The pressure in the bottle was regulated via an electronic control system acting on the fluid within it by means of the air pressure from a pump.
The preoperative CSF pressure (Pcl) was determined when the resting recording had been stable for at least 10 minutes, usually after 30-60 minutes of recording. The conductance of the CSF outflow pathways (Gop) was determined by applying different pressure levels to the CSF space while recording the resulting inflow of artificial CSF into the patient. Thus within a few minutes a stable flow at a stable pressure was obtained. Usually, three different pressure/flow values were aimed at. The volume accounting method was used to calculate the pressure/ flow relation. The slope for the pressure/flow values is equal to the Gop.
To avoid errors due to body position or physical exercise, the investigation after operation was started with the CSF infusion. There was no external pressure on the distal catheter of the shunt. The pressure/flow curve was an indicator of the amount of CSF eliminated via the shunt because the quantity eliminated through the natural pathways was known from the preoperative Gop measurement ( fig  1) . Usually three assessments were appropriate to determine the pressure/flow relation in differential pressure shunts. characteristics of the variable resistance shunts are S shaped and multiple pressure/ flow values were obtained. The opening pressure of the differential pressure shunts could be defined as the point where the pressure/ flow curve started to increase steeply (fig 1) .
After the CSF infusion test, the CSF pressure declined spontaneously. The postoperative CSF pressure (Pc2) was determined when the resting recording had been stable for at least 10 minutes, usually after 30-60 minutes of recording.
The gravity (or siphoning) effect of the shunt was tested at the end of the investigation. Patients were in the sitting position for 10 minutes, after which they were again laid supine. The corresponding CSF pressure (Pc3) was registered using the same zero pressure reference level as above. In a healthy control or a shunted patient without a gravity effect, the Pc3 is the same as Pc2 (fig 2A) . In a shunted patient with a gravity effect, Pc3 should be lower than Pc2 ( fig 2B) .
ASSESSMENT OF SHUNT FUNCTION
Four variables were estimated for each shunt: (1) The difference between the CSF pressure preoperatively and postoperatively (Pci -Pc2).
(2) The difference between the preoperative CSF pressure and the postoperative CSF pressure after sitting for 10 minutes (PclPc3). (3) The gravity effect (Pc2 -Pc3). (4) Figure 2 The CSF pressure recording before, during, and after sittingfor 10 minutes in a patient without a shunt (A) and in a patient with a shunt (B). Orbis-Sigma Orbis-Sigma Orbis-Sigma A shift > the 95% confidence interval (95% CI) on the differences between the CSF pressures was taken as an indicator of alteration.
VARIABLES OF SURGICAL OUTCOME
The subject was asked to walk 25 metres as fast as possible. The task was repeated three times and the mean gait velocity (m/s) was calculated. The gait was videotaped. The preoperative recording was compared with the recording at three months after operation. The recordings were rated as same, better, or worse by two physiotherapists independently on the six items: gait initiation, rhythmic movements, step size, shuffling, wide base, and turning."334 If at least four items were rated as better, the video recording was classified as improved. The between rater reliability was high (Spearman rank correlation r2 = 0-96). The gait was classified as markedly improved if the video recording was improved and the postoperative gait velocity was > 25% faster.
The mini mental state examination (MMSE)3" was performed by one of the neurologists. A shift >i the 95% CI was taken as indicator of improvement.
NEURORADIOLOGY
All measurements on CT were done by a senior neuroradiologist without knowledge of the patients' CSF dynamics. Table 1 shows the mean values of Pcl, Pc2, and Pc3. There were no differences between the preoperative and postoperative pressures (Pcl -Pc2). There was a significant gravity effect.
Considering that the main objective of shunting patients with IAHS is to decrease CSF pressure, four types of responses could be seen: (1) (fig 3A; 11 patients) : the decrease of Pcl -Pc2 was > upper 95% CI, which indicates a pronounced reduction in CSF pressure postoperatively. In six of the patients, Pc3 was < 1-0 kPa. There was a prominent gravity effect (Pc2 -Pc3) and the pressure v flow curves showed increasing flow with increasing pressure, well above the CSF drainage preoperatively. conductance. In our experience, the conductance does not predict the outcome of surgery, although it is reduced in patients with IAHS. '9 It is unlikely that a patient with IAHS with a high conductance (low resistance) would be improved by a shunt (patient 10). The purpose of a shunt is to facilitate the CSF outflow and lower the CSF pressure. The dynamics of CSF shunts suggests that the postoperative CSF pressure (Pc2) should never exceed the opening pressure of the shunt ( fig 5A) . According to the manufacturer's specifications, the opening pressure of a medium differential pressure valve should be 1 2 kPa; however, Pc2 went below 1-5 kPa in just one patient (5) and the preoperative and postoperative mean CSF pressures (Pcl -Pc2) did not differ. Figure 3A shows the patients in whom the opening pressure of the shunt was below the preoperative CSF pressure (Pcl) but exceeded 1-2 kPa. In the remaining patients with a functioning shunt the opening pressure exceeded or was equal to Pcl and explains why Pc2 remained unchanged ( fig 3B) . A considerable between patient variation in postoperative CSF pressures (Pc2) was seen in patients with differential pressure shunts, though similar shunt devices had been implanted. In patients with functioning variable resistance shunts (patients 29-31), there was a more marked decline in CSF pressure compared with the differential pressure shunts (table 1). The Pc2 was below 1-5 kPa in all patients.
Drainage of CSF through the shunt at different pressures as well as the opening pressure of the shunt can be determined when a constant pressure infusion method is used. If there is no drainage through the shunt, the pressure flow curve is flat and similar to the preoperative conductance. As the opening pressure is exceeded, the flow increases linearly with pressure. Despite the aforementioned variations of opening pressure in differential pressure shunts, most had a linear pressure flow relation according to their specifications ( fig 3A-C 
